Aims/hypothesis The prognostic importance of the ankle-brachial index (ABI) in individuals with diabetes is controversial. We aimed to evaluate the relationship between the ABI and the occurrence of micro-and macrovascular complications in individuals with type 2 diabetes. Methods The ABI was measured at baseline in 668 individuals with type 2 diabetes, and the individuals were followed-up for a median of 10 years. Multivariate Cox analysis was used to examine associations between the ABI and the occurrence of microvascular (retinopathy, microalbuminuria, renal function deterioration and peripheral neuropathy) and macrovascular (total cardiovascular events, major adverse cardiovascular events [MACE] and cardiovascular mortality) complications, and all-cause mortality. The improvement in risk stratification was assessed using the C statistic and the integrated discrimination improvement (IDI) index. Results During follow-up, 168 individuals had a cardiovascular event (140 MACE) and 191 individuals died (92 cardiovascular deaths); 156 individuals newly developed or experienced worsening diabetic retinopathy, 194 achieved the renal composite outcome (122 with newly developed microalbuminuria and 93 with deteriorating renal function) and 95 newly developed or experienced worsening peripheral neuropathy. The ABI, either analysed as a continuous or as a categorical variable, was significantly associated with all macrovascular and mortality outcomes, except for non-cardiovascular mortality. Individuals with a baseline ABI of ≤0.90 had a 2.1-fold increased risk of all-cause mortality (95% CI 1.3, 3.5; p = 0.004), a 2.7-fold excess risk of cardiovascular mortality (95% CI 1.4, 5.4; p = 0.004) and a 2.5-fold increased risk of MACE (95% CI 1.5, 4.4; p = 0.001). The ABI improved risk discrimination over classical risk factors, with relative IDIs ranging from 6.3% (for all-cause mortality) to 31% (for cardiovascular mortality). In addition, an ABI of ≤0.90 was associated with the development or worsening of peripheral neuropathy (2.1-fold increased risk [95% CI 1.1, 4.3]; p = 0.033), but not with retinopathy or renal outcomes. Conclusions/interpretation A low ABI is associated with excess risk of adverse cardiovascular outcomes, mortality and peripheral neuropathy development or worsening, and improves cardiovascular risk stratification. The ABI should therefore be routinely evaluated in individuals with type 2 diabetes.
Introduction
The ankle-brachial index (ABI), defined as the ratio between systolic BP (SBP) measured at the tibial and brachial arteries, is the most widely used method to detect asymptomatic peripheral artery disease (PAD), with a generally accepted cutoff value of ≤0.90 [1] . Most importantly, the ABI has been consistently demonstrated to predict cardiovascular prognosis in population-based studies [2] [3] [4] [5] [6] , and it may be capable of improving cardiovascular risk stratification over and above traditional cardiovascular risk factors [3, 7] . Indeed, ABI measurement has been recommended for individuals at moderate or high cardiovascular risk, such as the elderly or those with cardiovascular risk factors [1] , although its general usefulness as a screening method in asymptomatic individuals is still undetermined [7, 8] .
Despite this, the prognostic importance of the ABI in individuals with type 2 diabetes is controversial, mainly because the presence of characteristic medial-wall calcifications of the leg arteries might augment arterial stiffness and falsely increase ABI values [9, 10] . Indeed, some previous studies have demonstrated a lack of prognostic value for the ABI in diabetic individuals in contrast to non-diabetic individuals [11] [12] [13] , although others have reported similar positive predictive performances in diabetic and non-diabetic individuals [14] [15] [16] [17] . Similarly, conflicting results regarding the prognostic value of the ABI have been reported by cohort studies comprised exclusively of individuals with type 2 diabetes, with some studies negating [18, 19] and others demonstrating [20] [21] [22] [23] [24] [25] [26] [27] [28] its importance. Moreover, some of the positive studies [24, 25, 27, 28] assessed whether the ABI, beyond being a risk marker, was also capable of improving risk stratification for adverse outcomes, with contradictory findings. This is a fundamental step before more widespread use of the ABI in the clinical management of type 2 diabetes can be recommended. Currently, the ADA only recommends ABI measurement in individuals with symptoms (intermittent claudication) or signs (decreased pedal pulses) of PAD [29] . Finally, as far as we know, no previous studies have addressed the importance of the ABI as a risk marker for future microvascular complications, except for foot ulceration/amputation, although several cross-sectional analyses have reported associations between a reduced ABI and the prevalence of microvascular complications [30] [31] [32] [33] .
Therefore, the prespecified aim of this study, conducted within the Rio de Janeiro Type 2 Diabetes Cohort Study (RIO-T2D), an ongoing prospective cohort study of high cardiovascular risk individuals with type 2 diabetes followed for a median of 10 years, was to evaluate the prognostic value of the ABI for the occurrence of separate microvascular (retinopathy, microalbuminuria, renal function deterioration and peripheral neuropathy) and macrovascular (total cardiovascular events [CVEs], major CVEs [MACE] and cardiovascular mortality) complications, and of all-cause mortality; and to assess whether the ABI is able to improve risk stratification beyond traditional risk factors.
Methods
Participants and baseline procedures This was a prospective study, the RIO-T2D, with 668 individuals with type 2 diabetes enrolled between August 2004 and December 2008 and followed until December 2017 in the diabetes outpatient clinic of our tertiary-care university hospital. All participants gave written informed consent, and the local ethics committee had previously approved the study protocol. The characteristics of this cohort, baseline procedures and diagnostic definitions have been detailed elsewhere [34] [35] [36] [37] . In brief, inclusion criteria were adults with type 2 diabetes, up to 80 years old, with any microvascular or macrovascular complication, or with at least two other modifiable cardiovascular risk factors. Exclusion criteria were morbid obesity, advanced renal failure (serum creatinine >180 μmol/l or eGFR <30 ml min
) or the presence of any serious concomitant disease limiting life expectancy. For this specific analysis, individuals with clinical PAD, defined by a history of typical intermittent claudication, limb revascularisation procedures, foot ulceration or lower-extremity amputations, were excluded.
All participants were submitted to a standard baseline protocol that included a thorough clinical examination (including ABI measurement), laboratory evaluation and 24 h ambulatory BP monitoring. Diagnostic criteria for diabetes-related chronic complications have been detailed previously [34] [35] [36] [37] . In brief, coronary heart disease was diagnosed by clinical and electrocardiographic criteria, or by positive ischaemic stress tests; and cerebrovascular disease by history and physical examination. A diagnosis of nephropathy needed at least two albuminuria measurements of at least 30 mg/24 h or a confirmed reduction in the GFR (eGFR ≤60 ml min
−2 or serum creatinine >130 μmol/l). Peripheral neuropathy was determined by clinical examination (knee and ankle reflex activities, and foot sensation using the SemmesWeinstein monofilament, vibration with a 128 Hz tuning fork and pinprick and temperature sensations) and neuropathic symptoms were assessed using a standard validated questionnaire [35] . Clinic BP was measured three times using a digital oscillometric BP monitor (HEM-907XL, Omron Healthcare, Kyoto, Japan) with a suitably sized cuff on two occasions 2 weeks apart at study entry. The first measure of each visit was discarded and the BP used was the mean of the last two readings from each visit. Arterial hypertension was diagnosed if mean SBP was 140 mmHg or higher or diastolic BP (DBP) was 90 mmHg or higher, or if anti-hypertensive drugs had been prescribed. Ambulatory BP monitoring was conducted in the following month using Mobil-O-Graph version 12 (Dyna Mapa, Cardios, Sao Paulo, Brazil), and average 24 h SBP and DBP values were registered [36, 37] . Laboratory evaluations included fasting glycaemia, HbA 1c , serum creatinine and lipids. Albuminuria was evaluated in two nonconsecutive sterile 24 h urine collections.
ABI measurement After resting supine for at least 5 min, two BP readings were taken sequentially from each brachial and posterior tibial artery (total of eight measurements: four brachial and four tibial) using the same digital oscillometric BP monitor (HEM-907XL, Omron Healthcare) and were validated for ABI measurement [38, 39] . The ABI was calculated as the lowest tibial BP in either leg divided by the highest brachial BP in either arm [40] . An ABI value of ≤0.90 was considered indicative of PAD. All ABI measurements were performed at baseline by a single independent examiner who was unaware of other clinical data.
Follow-up and outcomes assessment The participants were followed regularly at least three times a year until December 2017 under standardised treatment. The observation period for each individual was the number of months from the date of the first clinical examination to the date of the last clinic visit in 2017 or the date of the first endpoint, whichever came first. The primary endpoints were the occurrence of any micro-or macrovascular outcomes. Macrovascular outcomes were total CVEs (fatal or non-fatal myocardial infarction, sudden cardiac death, new-onset heart failure, death from progressive heart failure, any myocardial revascularisation procedure, fatal or non-fatal stroke, any aortic or lower-limb revascularisation procedure, any amputation above the ankle and death from aortic disease or PAD), MACE (non-fatal myocardial infarction and stroke, plus all cardiovascular deaths) and allcause and cardiovascular mortality [34] . Microvascular outcomes were retinopathy development or worsening [36] , renal outcomes [37] (new microalbuminuria development, new renal function deterioration [defined as doubling of serum creatinine to a value of ≥200 μmol/l, end-stage renal failure needing dialysis or death from renal failure] and a composite of the two) and peripheral neuropathy development or worsening [35] . Retinopathy and renal outcomes were evaluated by annual examinations [36, 37] , whereas peripheral neuropathy was evaluated during a second specific examination performed after a median of 6 years from the baseline examination [35] . Peripheral neuropathy development or worsening was determined by a combination of signs (assessed using the Neuropathy Disability Score) and symptoms (assessed using the Neuropathy Symptom Score), as previously defined [35] . The presence and severity of retinopathy was determined by a single retinal specialist, following the International Clinical Diabetic Retinopathy and Diabetic Macular Edema Disease grading [41] .
Statistical analyses Continuous data are described as means ± SD or as medians (interquartile range [IQR] ). The baseline characteristics of individuals with an ABI of ≤0.90 and >0.90 were compared using unpaired t tests, Mann-Whitney U tests or χ 2 tests, where appropriate. Kaplan-Meier curves of the incidence of cumulative endpoints during follow-up, compared with log-rank tests, were used to assess different incidences of outcomes between individuals with ABI values of ≤0.90 and >0.90. To assess the prognostic value of the ABI for each macro-and microvascular outcome, except for peripheral neuropathy, a time-to-event Cox analysis was undertaken. First, analyses were only adjusted for age and sex, and then further adjusted for other potential confounders and risk factors (diabetes duration, BMI, smoking, physical activity, diabetes treatment, arterial hypertension, number and classes of anti-hypertensive drugs in use, ambulatory 24 h SBP, presence of micro-and macrovascular complications at baseline, serum mean first-year HbA 1c , HDL-and LDL-cholesterol levels, and use of statins and aspirin). Information on all of these covariates was obtained at baseline, except for HbA 1c and HDLand LDL-cholesterol, for which mean values obtained during the first year of follow-up were used. These results are presented as HRs with their 95% CIs. For peripheral neuropathy analyses, a multiple logistic regression model was used with the same statistical adjustments, except that height (instead of BMI) and the interval between the baseline and second neuropathy evaluations were included as adjusting covariates. These results are reported as ORs with their respective 95% CIs. In both analyses, the ABI was assessed as a continuous variable (with risks estimated for a 0.10 decrement in the ABI) and also as a categorical variable (with risks estimated for individuals with an ABI of ≤0.90 in relation to those with an ABI of >0.90). In separate analyses, individuals were further divided into three ABI subgroups (≤0.90, 0.91-1.00 and ≥1.01-<1.3), with the subgroup with ABI ≥1.01 considered as the reference.
To assess the improvement in discrimination performance after the addition of the ABI to the models, we used the C statistic (analogous to the area under the receiver operating characteristic curve applied to time-to-event analysis), compared by the method proposed by DeLong and colleagues [42] and the integrated discrimination improvement (IDI) index [43, 44] . The IDI is equivalent to the difference in discrimination slopes between models with and without the new variable, and its calculation is based on continuous differences in predicted risk in new and old models for individual participants with and without the outcome under study. Thus, the IDI is free from the dependence on empirical risk categories that is inherent to reclassification tables and can be used as an objective indicator of reclassification improvement. Both the absolute and the relative IDI were calculated. The relative IDI, reported as a percentage, facilitates interpretation of the IDI, and is defined as the increase in discrimination slope divided by the slope of the standard model including only traditional cardiovascular risk factors [43, 44] . In sensitivity and interaction analyses, interactions between the ABI and age (<65 vs ≥65 years), sex, diabetes duration (<10 vs ≥10 years), presence of micro-and macrovascular complications at baseline and glycaemic control (mean HbA 1c <58.5 vs ≥58.5 mmol/ mol; <7.5% vs ≥7.5%) were tested for all endpoints and whenever there was evidence of interaction (p < 0.10 for interaction term), the interaction term was kept within the whole model analysis and a further stratified analysis for that specific characteristic was performed. In addition, separate analyses were performed for each outcome after excluding those participants with this specific complication at baseline.
Finally, to determine the presence of possible reverse causality between the ABI and outcomes, separate analyses were performed excluding 35 individuals who had any of the endpoints (death or non-fatal CVEs) during the first 2 years of follow-up. Statistical analyses were performed using SPSS version 19.0 (SPSS, Chicago, IL., USA) and R version 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria), and a two-tailed p value of <0.05 was considered significant.
Results
Baseline characteristics according to ABI value The mean ± SD ABI was 0.98 ± 0.19 and the median was 1.02 (IQR 0.92-1.11). A total of 156 participants (23.4%) had an ABI of ≤0.90 and only one individual had an ABI of ≥1.30 (meaning noncompressible arteries); this individual was excluded from further analyses. Table 1 outlines the baseline characteristics of the entire cohort of 668 participants and of those divided according to an ABI >0.90 or ≤0.90. Individuals with an ABI of ≤0.90 were older, had a longer duration of diabetes and lower BMI, were more frequently current or past smokers and had higher prevalences of all micro-and macrovascular diabetic complications than those with an ABI of >0.9. They also had a higher prevalence of dyslipidaemia and more participants used statins, but had comparable serum lipid levels, except (Fig. 1) confirmed these findings. Regarding microvascular outcomes, individuals with an ABI of ≤0.90 had a higher incidence of renal function deterioration and of peripheral neuropathy development or worsening, but not of retinopathy development/ worsening or of new microalbuminuria development.
Risks associated with a reduced ABI Evidence of an interaction (p < 0.10) was found between the ABI and age for cardiovascular and mortality outcomes. The ABI was a stronger risk marker in younger individuals (<65 years) than in older individuals. For example, younger people with an ABI of ≤0.90 had a 2.5-fold higher risk (95% CI 1.4, 4.6, p = 0.003) of having a MACE, whereas older individuals had a 1.1 increased risk (95% CI 0.6, 2.1, p = 0.76) in fully adjusted analyses (p for interaction = 0.007). No evidence of an interaction was detected for sex, diabetes duration, presence of micro-or macrovascular complications at baseline or glycaemic control-meaning that the predictive capacity of the ABI for cardiovascular and mortality prognosis was equal in men and women, individuals with a longer and shorter duration of diabetes, those with or without diabetic complications and those with good or poor glycaemic control. Excluding participants with prevalent complications at baseline did not qualitatively change the results of the macrovascular outcomes, but attenuated the associations between the ABI and peripheral neuropathy development (electronic supplementary material [ESM] Table 1 ). In addition, excluding those individuals who experienced any of the endpoints in the first 2 years of followup did not change any of the results (ESM Table 2 ), signifying that there was no reverse causality between a reduced ABI and cardiovascular and mortality outcomes. Improvement in risk stratification with the ABI Table 3 shows the results of analyses of improvement in risk stratification after adding the ABI to a standard risk factor model. According to the C statistic, addition of the ABI marginally improved risk discrimination for total CVEs, both as a categorical variable and a continuous variable (although the latter was not significant, p = 0.06). According to the IDI index, adding the ABI significantly improved risk discrimination for all macrovascular outcomes and for all-cause mortality, with improvements ranging from 6.3% (for all-cause mortality) to 31% (for cardiovascular mortality with ABI as a continuous variable). However, the ABI did not improve risk discrimination for peripheral neuropathy development or worsening during follow-up.
Discussion
This long-term (median 10 years) prospective study has three main findings with potential clinical impact. First, it demonstrated that the ABI, either analysed as a continuous or as a categorical variable, is a strong risk marker for macrovascular complications and mortality in high cardiovascular risk individuals with type 2 diabetes, particularly in younger (<65 years) individuals. Indeed, a reduced ABI (≤0.90) was associated with at least a twofold excess risk of these adverse outcomes. Second, the ABI improved risk discrimination for these outcomes over and beyond a standard risk factor model, although the magnitude of improvement might be considered rather modest. Finally, the ABI was also associated with the future development or worsening of peripheral neuropathy but did not improve risk discrimination, which was already quite high with the standard model. As a whole, our findings support the recommendation that the ABI should be more widely used in the routine clinical management of individuals with type 2 diabetes, not only in those with signs or symptoms suggesting PAD, as currently recommended. Some previous longitudinal studies in individuals with type 2 diabetes [20] [21] [22] [23] [24] [25] [26] [27] [28] and in individuals with and without diabetes [14] [15] [16] [17] have reported that the ABI is a risk marker for future CVE occurrence and mortality, whereas other studies have contradicted this finding [11-13, 18, 19] . Our findings corroborate the studies reporting positive results. The reasons for these opposing findings are not clear, but they might include differences in the studied diabetic populations (e.g. older or younger, higher or lower baseline cardiovascular risk profile), study designs (e.g. retrospective or prospective, different duration of follow-ups and definition of endpoints) or data analyses (e.g. ABI as continuous or categorical variable, or different cut-off values). Of most relevance, few previous studies [24, 25, 27, 28] have addressed whether the ABI is capable of improving risk discrimination beyond a standard risk factor model, which is an important step for recommending the routine use of the ABI in the clinical management of type 2 diabetes. However, the results of these previous studies were contradictory, with two of them showing that the ABI improved risk discrimination [25, 28] and the other two failing to demonstrate any improvement [24, 27] . The first study [24] evaluated 151 Chinese individuals with type 2 diabetes who were followed for 5 years, with 16 CVEs during follow-up. An ABI of ≤0.98 was associated with CVEs, but did not improve risk discrimination as evaluated by increase in the C statistic, although the AUC increased from 0.59 (with the Framingham risk score as the standard model) to 0.67 after adding the ABI. The second study [25] used data from the Cardiovascular Health Study (782 elderly .6% for all-cause mortality, but with a non-significant C statistic increase (from 0.76 to 0.82 for CVEs). Our study advances these previous disparate findings by demonstrating that the ABI indeed improves risk discrimination for cardiovascular morbidity and mortality, with relative improvements of 9-14% for an ABI of ≤0.9, which has more clinical applicability. The finding of only modest, mostly non-significant increases in the C statistic, corroborating previous studies [24, 25, 27, 28] , was expected. It has been consistently demonstrated that for standard risk factor models with fairly good discriminations (generally AUC >0.70), only very large effect sizes of the new marker on the outcome will result in a meaningfully larger AUC, which is unrealistic for most variables [43] [44] [45] . Despite several previous cross-sectional studies reporting associations between a reduced ABI and the presence of diabetic microvascular complications [30] [31] [32] [33] this is, as far as we know, the first prospective study to evaluate the ABI as a marker of future development or worsening of microvascular complications. We have demonstrated that a reduced ABI is not associated with diabetic retinopathy development or worsening, diabetic kidney disease, new microalbuminuria development or renal function deterioration. However, the ABI, either evaluated as a continuous or as a categorical variable, was associated with peripheral neuropathy development or worsening, although its inclusion did not improve risk discrimination, which was already high in the standard risk model (AUC 0.78). The pathophysiological mechanisms underlying the associations between asymptomatic PAD, reflected by a reduced ABI, and peripheral neuropathy possibly involve microvascular ischaemic neuropathy or shared pathways such as insulin resistance, oxidative stress and endothelial dysfunction [33, 46] . Most importantly, the concomitance of a reduced ABI and peripheral neuropathy greatly increases the risk of foot ulceration and lower-extremity amputations [47] .
The findings of the present study should be interpreted within the context of its limitations. First, this was a prospective observational cohort; hence, no causal relationships or pathophysiological inferences can be made, but only speculated upon. Moreover, as with any cohort study, residual confounding due to unmeasured or unknown factors cannot be ruled out. Second, we enrolled mainly middle-aged to elderly individuals with longstanding type 2 diabetes, who were followed in a tertiary-care university hospital. Therefore, our results might not be generalisable to younger individuals with recent-onset type 2 diabetes or who are being managed in primary care. Finally, peripheral neuropathy was not assessed annually during our follow-up, as for the other outcomes, but at two specific timepoints (at baseline and after a median of 6 years), which might have affected the evaluation of this endpoint, although this specific analysis took into account the differential time interval between neuropathy assessments. Moreover, the evaluation of this outcome was possibly affected by survival bias, as most of the participants who did not undergo the second neuropathy examination (181 out of 197 participants) did not do so because they had died. Hence, the analysis of the peripheral neuropathy outcome was mainly restricted to the survivors. Apart from these considerations, the main strength of this study is its well-documented cohort, who underwent standardised care and annual evaluations of outcomes over a long (10 year) follow-up, which allowed a comprehensive analysis of the excess risks associated with the ABI for separate micro-and macrovascular complications and for mortality in individuals with type 2 diabetes.
In conclusion, this prospective study, with a median follow-up of 10 years, provides evidence that an ABI of ≤0.90 is associated with increased risk of adverse cardiovascular outcomes, mortality, and development or worsening of peripheral neuropathy; and that the ABI improves risk discrimination for cardiovascular outcomes. Indeed, in our multivariate analyses of cardiovascular outcomes, the excess risk associated with a reduced ABI was comparable to or greater than the risk associated with pre-existing cardiovascular disease, which ranged from 1.5 to 2.0 (data not shown). However, it has been demonstrated that diabetic individuals with asymptomatic PAD are generally undertreated and poorly controlled in relation to those with coronary or cerebrovascular disease [20, 48] . Whether the prognosis of these high-risk diabetic individuals with a reduced ABI can be improved by more aggressive medical therapy [49] or by exercise training [50] should be investigated in future studies. Until then, at least annual ABI measurement should be included in the routine clinical management of individuals with type 2 diabetes for better cardiovascular risk stratification.
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